FGF4 Independent Derivation of Trophoblast Stem Cells from the Common Vole by Grigor'eva, Elena V. et al.
FGF4 Independent Derivation of Trophoblast Stem Cells
from the Common Vole
Elena V. Grigor’eva
1, Alexander I. Shevchenko
1, Nina A. Mazurok
1, Eugeny A. Elisaphenko
1, Antonina I.
Zhelezova
1, Alexander G. Shilov
1, Pavel A. Dyban
2, Andrey P. Dyban
2, Ekaterina M. Noniashvili
2, Sergey
Ya. Slobodyanyuk
1, Tatyana B. Nesterova
3, Neil Brockdorff
3, Suren M. Zakian
1*
1Institute of Cytology and Genetics, Russian Academy of Sciences, Siberian Department, Novosibirsk, Russia, 2Institute of Experimental Medicine, Russian Academy of
Medical Sciences, St. Petersburg, Russia, 3Department of Biochemistry, University of Oxford, Oxford, United Kingdom
Abstract
The derivation of stable multipotent trophoblast stem (TS) cell lines from preimplantation, and early postimplantation
mouse embryos has been reported previously. FGF4, and its receptor FGFR2, have been identified as embryonic signaling
factors responsible for the maintenance of the undifferentiated state of multipotent TS cells. Here we report the derivation
of stable TS-like cell lines from the vole M. rossiaemeridionalis, in the absence of FGF4 and heparin. Vole TS-like cells are
similar to murine TS cells with respect to their morphology, transcription factor gene expression and differentiation in vitro
into derivatives of the trophectoderm lineage, and with respect to their ability to invade and erode host tissues, forming
haemorrhagic tumours after subcutaneous injection into nude mice. Moreover, vole TS-like cells carry an inactive paternal X
chromosome, indicating that they have undergone imprinted X inactivation, which is characteristic of the trophoblast
lineage. Our results indicate that an alternative signaling pathway may be responsible for the establishment and stable
proliferation of vole TS-like cells.
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Introduction
The trophectoderm is the first specialised cell lineage formed by
the developing embryo in mammals. It surrounds the blastocoel
and undifferentiated inner cell mass (ICM) that will give rise to the
embryo proper and to the extraembryonic endoderm tissues. After
implantation, multipotent cells of the trophectoderm undergo
differentiation into specialised cell types that form the developing
placenta. Mural trophectoderm surrounding the blastocoel forms
primary giant cells that invade the uterus and lead to embryo
implantation. The ICM-contacting polar trophectoderm continues
to proliferate and forms the extraembryonic ectoderm (ExE) and,
later, the ectoplacental cone [1], which serves as one of the sources
of the chorionic plate, and of secondary giant cells (Fig. 1) [2].
It has been shown that the fate of trophectoderm cells is
determined by their proximity to the ICM and depends on the
signals from the ICM and, later, from the epiblast. Disruption of
ICM signaling leads to trophoblast differentiation into giant cells
or other terminally differentiated placental cell types [1,3]. Cells in
close proximity to the ICM/epiblast remain diploid and retain the
ability to proliferate and give rise to trophoblast stem (TS) cells
when cultured in vitro [4].
It has been established that the fibroblast growth factor 4
(FGF4) signaling pathway is the main signaling pathway required
for proliferation and self-renewal of TS cells and polar
trophectoderm/extraembryonic ectoderm [4-7]. FGF4 is highly
expressed in the ICM/epiblast, and in the presence of heparin it
binds to, and activates the membrane-associated Fgf receptor 2,
expressed by the trophoblast lineage [8,9]. Embryos mutant for
Fgf4,o rFgfr2 show peri-implantation lethality, caused by defects in
endoderm derivatives as well as placental defects [10,11], which
indicates the importance of the FGF4 signaling pathway for
proliferation of the trophoblast lineage.
The addition of exogenous FGF4 and heparin to culture
medium allows the derivation of murine multipotent TS cells
when cells are grown in the presence of embryonic fibroblast
conditioned medium, or on feeders [4,12]. These multipotent TS
cells exhibit a gene expression profile characteristic of trophecto-
derm and extraembryonic ectoderm, and are capable of
differentiating into various types of trophoblast lineage derivatives
both in vitro, and in vivo, when injected into blastocysts [4]. The
removal of heparin, FGF4 or the conditioned medium causes a
decrease in cell proliferation and differentiation into giant
trophoblast cells. These data confirm the importance of the
FGF4/FGFR2 signaling pathway for the maintenance of TS-
specific gene expression that, in turn, is necessary for the
derivation and maintenance of murine multipotent TS cell lines
[4,13,14]. However, the requirement for conditioned medium or
embryonic fibroblasts indicates that other factors must play a role
in the maintenance of the trophoblast lineage.
PLoS ONE | www.plosone.org 1 September 2009 | Volume 4 | Issue 9 | e7161TS cells represent an excellent experimental model for studying
trophoblast development in vitro and for analysing the molecular
mechanisms of placental development and embryo implantation.
Studies conducted on mutant mice bearing variousplacental defects
have indicated that signaling pathways between embryo and
trophoblast play a crucial role in successful placental morphogenesis
(for review see [13]). In this respect, studies of signaling pathways
that control the self-renewal of stem cells, and the interaction
between different types of stem cells in other species, are of
particular interest.They provide a novel perspectiveonthecomplex
signaling network regulating trophoblast development and can
facilitate our understanding of the molecular processes governing
placental morphogenesis in other species, including humans.
It is known that different sets of transcription factors that trigger
species-specific signaling pathways are required to maintain the
self-renewal of embryonic stem (ES) cells in different mammalian
species. For instance, basic FGF is essential for the derivation and
maintenance of human ES cells [15], while the pleiotropic
cytokine LIF (leukemia inhibitory factor) is required to activate
the JAK/STAT3 signaling pathway responsible for the mainte-
nance of mouse ES cell pluripotency [16–18]. These examples
demonstrate that the success of stem cell derivation for any
particular species may depend on the choice of the growth factors
and/or culturing conditions.
Here we report the derivation of TS-like cell lines for another
rodent species, the common vole M. rossiaemeridionalis, from 3.5
days postcoitum (dpc) blastocysts in the absence of FGF4.
Surprisingly, the presence of vole LIF in the culture medium
was essential for the derivation of these lines, but was not necessary
for their maintenance. In mice, LIF is involved in maintaining the
pluripotency of murine ES cells through activation of the JAK/
STAT3 signaling pathway and is not required for TS cell
derivation or maintenance. Our data indicate the existence of an
FGF4-independent signaling pathway that controls the establish-
ment and self-renewal of vole TS-like cells.
Results
Isolation of M. rossiaemeridionalis stem cell lines
Previously, we attempted to derive vole ES cells from early
blastocysts [19] but we were only able to isolate ES-like cells, with
limited multipotency. One of the likely causes of this failure was the
use of heterologous (murine) LIF, a secreted glycoprotein involved in
the regulation of the growth and differentiation of different cell types.
To overcome this problem, we engineered and purified recombinant
species-specific vole LIF protein (see Text S1 and Fig. S1).
Twelve 3.5 dpc blastocysts were plated on a feeder layer of
inactivated vole embryonic fibroblasts in the presence of vole LIF
protein. After three to five days in culture the ICM outgrowth was
dissected out and mechanically dissociated. Each dissociated ICM
gave rise to one to 42 primary stem cell-like colonies. The growth
rate and extent of spontaneous differentiation of the colonies
varied, but the majority differentiated after two to three passages.
Colonies from three ICMs maintained a high proliferation index
and had morphology typical of mouse undifferentiated TS cells.
These gave rise to three stable, independent diploid cell lines with
the sex chromosome compositions: XO (R1), XX (R2), and XY
(R3) (Fig. 2A to C).
Figure 1. Transcription factor network regulating the development of ICM- and trophectoderm-derived tissues in mouse. From [2]
with modifications.
doi:10.1371/journal.pone.0007161.g001
Vole TS-Like Cells
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nucleoli structures (Fig. 2D), and a protuberance of intensively
proliferating cells was formed on the periphery of the colonies.
These cells are characterised by a high nuclear/cytoplasmic ratio
and rapid cell growth (doubling of the colony size in less than
24 hrs), which are features typical of stem cells. The cell lines were
maintained for at least 70 passages over a period of nine months,
without essential changes in their morphology.
The cell lines we obtained were capable of proliferating stably
on the vole feeder layer, in the absence of LIF, without changes in
morphology (see Table 1). Mouse embryonic fibroblasts, alone and
without LIF, were also able to maintain the derived vole cells in an
undifferentiated state. However, LIF alone (either vole or mouse),
without embryonic feeder cells, was not sufficient to keep cells
undifferentiated, and differentiation was observed as early as the
second passage. Differentiation of cells, growing on a gelatinized
surface without feeders, could be prevented by cultivating them in
70% conditioned medium collected from inactivated vole, or
mouse fibroblasts supplemented with vole, or mouse LIF. Cells
retained their stem cell morphology for at least 35 passages under
these conditions. The withdrawal of feeders/conditioned medium
induced cell differentiation into trophectoderm derivatives,
predominately trophoblast giant cells (Fig. 2E), which were
detected by analysis of cell morphology and expression of genes
specific for differentiated mouse TS cells (see below).
Taken together, it is clear that certain unidentified factors, secreted
by embryonic fibroblasts, are required for maintaining proliferation of
the derived vole cell lines, whereas the presence of vole LIF is a crucial
factor only during the initial stages of vole TS-like cells derivation.
Analysis of stem cell-specific markers
The unusual behaviour and properties of the derived vole cell
lines prompted us to analyse the expression of the stem cell-specific
transcription factors Oct4, Nanog and Sox2, in both undifferentiated
and differentiated cells (Fig. 3). The expression of Sox2 was
detected in undifferentiated, as well as differentiated vole TS-like
cells. While Oct4 and Nanog typical of ES-cells were expressed in
epiblast of 4.5 dpc vole blastocysts, they were not detected in the
derived cells (Fig. 3). This pattern of expression was reminiscent of
mouse TS, rather than ES cells, therefore we expanded the panel
to include TS and extraembryonic endoderm (XEN) stem cell-
specific markers [20] (Fig. 3).
We found that transcription factors characteristic of the
trophectoderm, such as Cdx2, Eomes and Errb, were highly
expressed in the vole cells, thus supporting the hypothesis that
they are derived from the trophoblast. In addition, we detected the
presence of Hand1, known to promote the differentiation of giant
Figure 2. Characterisation of M. rossiaemeridionalis TS-like cell lines. Fluorescent in situ hybridization (FISH) of vole sex chromosome specific
heterochromatin repeats MS4 (red and green) on metaphase chromosomes obtained from three TS-like cell lines with the sex chromosome
compositions: X0 (A), XX (B), and XY (C). Chromosomes are counterstained with DAPI. Morphology of undifferentiated vole TS-like cell colonies
grown on a feeder layer of embryonic fibroblasts (D) and giant trophoblast cells obtained by spontaneous differentiation of TS-like cells at the 28
th
passage (E). The scale bar represents 200 mmi n( D and E).
doi:10.1371/journal.pone.0007161.g002
Table 1. Specific conditions for derivation and maintenance
of vole TS-like cells.
Conditions Vole LIF Mouse LIF w/o LIF
Derivation
conditions
Vole feeder ! X nd
Mouse feeder nd X nd
Maintenance
conditions
Vole feeder !!!
Mouse feeder !!!
Gelatin XXX
Gelatin+vole condition
medium
!!!
Gelatin+mouse condition
medium
!!!
doi:10.1371/journal.pone.0007161.t001
Vole TS-Like Cells
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[21], in both undifferentiated and differentiated cells. It is known
that Hand1 is highly expressed in both differentiated and
undifferentiated mouse TS cells [4].
Surprisingly, Fgfr2 expression was not detected in vole TS-like
cells (Fig. 3). The Fgfr2 gene encodes a surface receptor for FGF4
and is required for maintaining the unlimited proliferation of
mouse TS cells [4,11]. The reason for the absence of Fgfr2 gene
expression in vole cells is unknown at present.
Placental lactogene (Pl-1) is known to function in the development
of the placenta [22]. Accordingly, expression of this gene was not
detected in undifferentiated vole TS-like cells, but it was activated
in differentiated giant trophoblast-like cells (dTS, Fig. 3).
Tpbp expression, specific for the spongioblast and ectoplacental
cone [23–26], was not detected in the cell lineages analysed,
although the expression of this gene was detected in vole placenta.
Expression of the extraembryonic endoderm markers Hnf4,
Foxa2, Gata6 and Afp was barely detectable in vole cells, similar to
mouse TS cells, however these markers were readily detectable in
vole XEN stem cells (Fig. 3 and [27]).
Our expression analysis of lineage-specific genetic markers
demonstrates that only genes of the trophoblast lineage are
expressed in the established vole cell lines and their differentiated
derivatives.
Subcutaneous injection of vole TS-like cells causes
haemorrhagic tumour formation
In order to analyse the invasive properties of vole TS-like cells,
we injected undifferentiated R1 cells subcutaneously into nude
mice. In four nude mice, one to two weeks after injection, the
injected cells caused the development of tumours that were
morphologically reminiscent of haemorrhagic tumours (Fig. 4A).
Histological analysis of the tumour sections revealed that each
tumour was comprised of an inner blood-filled capsule. PCR
amplification of vole-specific gene products from the inner capsule
confirmed that it was derived from the injected vole cells (data not
shown). Moreover, culturing the capsule tissue under stem cell
conditions gave rise to colonies that were identical in morphology
to the injected cells (data not shown). This result indicated the
presence of a pool of undifferentiated cells within the tumour
capsule.
Detailed histological analysis also showed that the tumour
contained both viable and dying trophoblast cells. Tumours were
surrounded by a layer of actively proliferating cells, comprised of
giant trophoblast cells at different stages of differentiation (Fig. 4B
to D). At the periphery of the actively proliferating cell layer,
Figure 3. RT-PCR analysis of transcription factors expressed in
vole TS-like cells. Transcription factors specific for mouse germ layers
and expressed in three TS-like cell lineages: embryonic (ES), extraem-
bryonic ectoderm (TS) and extraembryonic endoderm (XEN). (Bl) 4.5 dpc
vole blastocyst; (Pla) 12.5 dpc vole placenta; (Emb) vole embryos at 7.5
dpc; (som) mouse somatic cells.
doi:10.1371/journal.pone.0007161.g003
Figure 4. Tumour formation caused by subcutaneous injection of M. rossiaemeridionalis TS-like cells into a nude mouse. (A) External
view of the tumour. (B to D) Histological sections of the haematoma. Staining by hematoxylin-eosin. (B) Cross-section through the central part of the
haematoma 35 days after injection. (C) Magnified view of the boxed fragment of the tumour from (B); histological section of the haematoma across a
blood vessel (D). (A) necrosis zone, (B) proliferating cells, (C) giant cells, (C1) differentiating giant cells, (C2) degenerating giant cells, (TR) recipient
tissues, (V) blood vessel. The scale bar represents 1000 mmi n( B), 500 mmi n( C) and 10 mmi n( D).
doi:10.1371/journal.pone.0007161.g004
Vole TS-Like Cells
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detected. These regions were permeated by capillary networks. No
embryonic germ layer derivatives were detected in the tumours.
Therefore, our data demonstrate that the subcutaneous
injection of vole TS-like cells causes cellular invasion into the
host blood vessels and erosion of blood vessel walls, resulting in the
development of large haemorrhagic tumours. Similar data have
been reported previously for the subcutaneous injection of mouse
TS cells and human choriocarcinoma cells [28,29].
X chromosome inactivation is imprinted in vole TS-like
cells
Mouse undifferentiated XX ES cells carry two active X
chromosomes, while undifferentiated TS cells exhibit imprinted
inactivation of the paternally inherited X chromosome [12]. Xist,a
key player in the X inactivation process [30], and its antisense
partner Tsix [31] are reliable markers of X inactivation as their
transcriptional status reflects the activity of the X chromosomes.
Both Xist and Tsix are transcribed at low levels from the active X
chromosomes in undifferentiated XX and XY ES cells, while high
levels of Xist transcript alone are detected in differentiated XX
cells, which contain one inactive X chromosome [31–33].
To establish the X chromosome inactivation status in vole TS-
like cells, we performed strand-specific RT-PCR analysis of vole
Xist and Tsix genes. As shown in Fig. 5A (lane 4), Xist expression is
high in undifferentiated XX cells, where it is presumably
associated with the inactive X, whereas Tsix, presumably
associated with the active X chromosome, shows weaker
expression. When vole TS-like cells are maintained in differenti-
ated conditions for 12 to 14 days, they lose Tsix expression
completely, most likely due to repression of the Tsix promoter on
the active X chromosome (Fig. 5A, lane 5). Low levels of Tsix
transcript were found in vole XO undifferentiated stem cells but
no Xist transcripts were detected. This observation supports the
suggestion that Tsix is expressed from the active X chromosome in
undifferentiated vole TS-like cells (Fig. 5A, lanes 2 and 3). The fact
that undifferentiated vole TS-like cells have a high level of Xist
expression indicates that inactivation of one of the parental X
chromosomes has already occurred.
Toverifytheinactivestate ofthe Xchromosome,weanalysedthe
X chromosome replication patterns in undifferentiated stem cells
from M. rossiaemeridionalis, which carry large blocks of heterochro-
matin on the distal part of the X chromosome [34]. It is well
documented that the inactive X chromosome generally replicates
later in S phase than the active X chromosome and the autosomes
[35–37]. Using anti-BrdU antibodies to detect BrdU incorporated
in late S phase of the cell cycle, we found that one X chromosome
was entirely late replicating, while the other showed only the
heterochromatic part as late replicating, and the euchromatic part
as early replicating (more than 50 metaphases were examined;
Fig. 5B). These data support the hypothesis that undifferentiated
vole TS-like cells carry an inactive X chromosome.
However, it is still unclear whether the derived vole undiffer-
entiated cells have undergone random, or imprinted X inactiva-
tion. If the cells are differentiated derivatives of ES-like cells from
the ICM, we should expect random X inactivation. If the cells are
TS-like, then X inactivation should be imprinted, with the
paternal X chromosome chosen to be inactive. To discriminate
between these two possibilities, we took advantage of the distinct
morphology of the X chromosomes between two vole species, M.
arvalis and M. rossiaemeridionalis (Fig. 5C). Previously we showed that
these two species can produce viable offspring, and female hybrids
demonstrate an extremely skewed X inactivation pattern, with the
M. rossiaemeridionalis X chromosome being chosen preferentially as
the inactive one in somatic tissues [38,39]. We derived an F1
hybrid stem cell line, where the maternal X chromosome was
inherited from M. rossiaemeridionalis and the paternal X came from
M. arvalis (Fig. 5C). The heterochromatin-specific repeat MS4 [40]
was used as a marker of the maternal M. rossiaemeridionalis X,
thereby allowing us to establish unequivocally if Xist was being
transcribed from the maternal, or paternal X chromosome. If the
Xist domain localises together with the MS4 domain, then the X
inactivation pattern is somatic-type, in which the M. rossiaemer-
idionalis X is preferentially inactivated. However, if the two
domains are detected separately, then this points to imprinted X
inactivation. As shown in Fig. 5D, the MS4 domain always
localises separately from the Xist domain. This clearly indicates
that the derived vole cells have undergone imprinted X
inactivation and confirms that they belong to the TS cells.
Discussion
Vole stem cells belong to the trophectoderm lineage
We derived stable TS-like cell lines from vole M. rossiaemer-
idionalis blastocysts. The derived colonies of the vole cells by visual
microscopic analysis reveal a flat, epithelial morphology with tight,
intercellular contacts, a high nuclear/cytoplasmic ratio, they
maintain multipotency after prolonged culturing in vitro and
differentiate exclusively into derivatives of trophoblast lineages.
The morphology of the cell lines obtained is similar to that of ES-
like cells in primates [41], human [42], sheep, pig [43,44], rabbit
[45] and murine TS cells [4,14,46].
We detected the presence of the transcription factors Cdx2 and
Eomes, which are critical for the determination and maintenance
of the murine trophectoderm lineage [47,48], in the derived vole
cell lines. We also showed that the transcription factors Errb,a s
well as Sox2, which are necessary for the maintenance of the
multipotency of murine TS cells [13,49,50], were present in the
vole undifferentiated lines. Differentiation of these cells caused
changes in cell morphology and activation of the transcription
factor Pl-1, a marker of murine TS cell differentiation towards
trophoblast giant cells [4]. Importantly, we did not detect the
expression of the transcription factors Oct4 and Nanog, which are
crucial for self-renewal and maintenance of the pluripotent state
of ES cells [51–54] in the analysed vole cells. Therefore, the
pattern of transcription factor expression indicates that the
derived vole stem cells belong to the TS, rather than the ES cell
lineage, in spite of their derivation without FGF4, and in the
presence of LIF.
One of the intrinsic properties of trophoblast stem cells is their
ability to form fast growing haemorrhagic tumours following
subcutaneous injection into nude mice. This ability was demon-
strated previously for human choriocarcinoma cells [28] as well as
for mouse undifferentiated TS cells [29] that invaded and eroded
host blood vessels and formed lacunas filled with blood.
Trophoblast cells exercise this ability in vivo during the formation
of the haemochorial placenta, when giant trophoblast cells invade
maternal tissues during implantation, to establish a continuous
blood supply to the developing embryo [55]. Similar to mouse
trophoblast cells and human choriocarcinoma cells, subcutaneous
injection of the derived vole cells into nude mice leads to the
formation of haemorrhagic tumours. Histological examination of
the tumours revealed the presence of invading giant trophoblast
cells, originating from the injected donor vole cells, in the mouse
tissues surrounding the blood vessels.
One of the characteristics of mouse XX TS cells is that they
carry a transcriptionally silent paternal X chromosome, similar to
the cells of the trophectoderm germ layer from which they are
Vole TS-Like Cells
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undergone imprinted X inactivation, a further indication of their
TS identity.
In summary, the evidence provided in this study indicates that
our established vole cell lines demonstrate properties of the
trophoblast lineage and should be regarded as vole TS-like cells.
Figure 5. Imprinted inactivation of the X chromosome in vole TS-like cells. (A) RT-PCR analysis of Xist and Tsix expression in vole TS-like
cells: vole placenta (1); X0 undifferentiated (2) and differentiated cells (3); XX undifferentiated (4) and differentiated cells (5); mouse feeders (6). (B) M.
rossiaemeridionalis XX TS-like cells exhibit late replication of one of the X chromosomes, as detected by a FITC-coupled anti-BrdU antibody (green).
Note that the entire inactive chromosome (Xi) is stained, while only the constitutive heterochromatin region is stained on the active (Xa)
chromosome. Chromosomes are counterstained with DAPI. (C) Schematic showing the pattern of X chromosome inactivation in embryonic and
extraembryonic tissues of M. rossiaemeridionalis x M. arvalis vole hybrids. Xist RNA on the inactive X chromosome (green), the M. rossiaemeridionalis
heterochromatin block (red). (D) RNA-DNA FISH analysis of the X inactivation pattern in TS-like cells derived from an M. rossiaemeridionalis x M. arvalis
hybrid embryo. Xist RNA is detected with FITC (green) and the M. rossiaemeridionalis X chromosome heterochromatin specific repeat MS4, is detected
with Texas Red (red).
doi:10.1371/journal.pone.0007161.g005
Vole TS-Like Cells
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It has been established that FGF4 is a component of the
embryonic signaling pathway required for the maintenance of the
multipotent state of the trophoblast lineage [4,13]. It functions
through the binding and activation of the surface receptor Fgfr2,
which is expressed by trophoblast cells. Mice with targeted
mutations of either Fgf4, or its receptor Fgfr2, have similar severe
peri-implantation phenotypes, signifying the importance of this
signaling pathway. The lethality is due to defects in the endoderm
derivatives, as well as in trophoblast cell proliferation [10,11]. To
date, the data indicate that activation of the FGF4/FGFR2
signaling pathway is important for maintaining cellular prolifer-
ation during normal embryonic development.
Previously it was shown that FGF4 and heparin are two crucial
factors in the establishment and proliferation of murine TS cells
[4,13,14]. Withdrawal of these factors from the culture medium
causes cell growth arrest and differentiation into giant trophoblast
cells. Remarkably, we show in this study, that vole TS-like cells can
be established in the absence of FGF4 and heparin. Moreover,
vole TS-like cells do not express the FGF4 receptor gene Fgfr2,
suggesting that an alternative signaling pathway, or pathways are
activated in these cells.
Our characterisation of the derived vole cell lines confirms their
trophoblast lineage identity. Therefore our data indicate that
FGF4 is not absolutely essential for TS cell establishment, at least
in some species. Vole TS-like cells are also able to proliferate and
maintain their multipotency after prolonged passaging in vitro,i n
the absence of Fgf4/Fgfr2 signaling. However, we should note that
the derivation efficiency of stable TS-like cell lines in voles, under
these conditions, is quite low whereas FGF4-assisted TS cell
derivation was reported to be very efficient in mice [4,12].
The requirement for embryonic fibroblast-conditioned medium,
or embryonic feeder cells, in addition to exogenous FGF4, for the
derivation and maintenance of murine TS cells led Tanaka et al.
(1998) to suggest that other unidentified factors might be involved
in maintaining TS cells. The Estrrb (;Errb) gene, which encodes
the orphan nuclear receptor ERR-b, was suggested as a potential
candidate for an FGF4-independent signaling pathway, since
embryos mutant for this gene die at around 10.5 dpc from severe
deficiency of a diploid trophoblast [13,49]. High levels of Errb
expression in vole TS-like cells corroborate this hypothesis. Our
data also indicate that other factors are required, either
independently of the FGF4 and/or ERR-b pathways, or as
upstream regulators of the Errb gene, to maintain vole TS-like cells
in a proliferating undifferentiated state.
Recent studies have shed more light on the mechanisms
involved in the regulation of TS cell fate in murine extraembry-
onic ectoderm, and on the identity of factors essential for
maintenance of TS cell proliferation [56,57]. It was shown that
a member of the transforming growth factor (TGF) beta
superfamily, Nodal, is required to sustain the continuous
expression of Fgf4. Further to this, Nodal acts in parallel with
FGF4, to maintain normal expression of Errb, Eomes and Cdx2,
thereby preventing differentiation of TS cells [56]. The important
role played by the TGFb superfamily was further emphasised in a
study showing that conditioned medium may be substituted by the
TGFb superfamily factors, activin A, and TGFb [57]. It is
therefore plausible that the TGFb signaling pathway predominates
in vole TS-like cells and that it acts directly to support the
expression of Errb, Eomes and Cdx2, without any cooperation with
the FGF4 signaling pathway. The involvement of other, as yet
unidentified factors is also possible. We should note that the factors
controlling the maintenance of vole TS-like cell proliferation must
be highly conserved, as mouse feeders were capable of maintaining
the proliferation of undifferentiated vole TS-like cells.
While the nature of the vole factor(s) remains unknown, the fact
that species-specific LIF is required for vole TS-like cell derivation
and early maintenance confirms the importance of LIF in
launching this signaling pathway. LIF belongs to a large family
of pleiotropic cytokines and demonstrates a wide range of diverse
activities affecting gene regulation, cell proliferation and differen-
tiation. Contrary to its action in somatic cells, LIF maintains the
self-renewal and pluripotency of ES cells through the activation of
the canonical JAK/STAT3 pathway. Interestingly, it was reported
that c-myc, rather than Oct4 is a candidate target gene activated by
Stat3 [58], although the linking factor between Stat3 and Oct4 has
not yet been identified. It is obvious that the presence of LIF is not
sufficient to sustain Oct4 expression and to derive vole ES cells,
therefore it is likely that vole LIF triggers some other signaling
pathway that leads to the derivation of vole TS-like cells.
At present we do not know why the FGF4/FGFR2 signaling
pathway is not required for vole TS-like cell derivation/
maintenance, or whether other exogenous factors are required
to trigger it; however the existence of an FGF4-independent
signaling pathway in this process opens up exciting opportunities
for studying the signaling networks that regulate trophoblast
development. Such studies could also assist in the establishment of
TS cell models for other species, including human, for which
attempts to derive TS cell lines have so far failed.
In this report we describe the derivation of stable TS-like cell
lines from vole M. rossiaemeridionalis blastocysts. Vole TS-like cells
are similar to murine TS cells in their morphology and molecular
and physiological properties, however the requirement of different
conditions for their derivation and maintenance implies the
existence of an FGF4-independent signaling pathway that might
be triggered by LIF. The presence of high concentrations of LIF is
dispensable after the derivation stage, and conditioned medium/
embryonic feeders alone are sufficient to keep the cells
undifferentiated. Vole TS-like cells may provide a useful tool for
studying alternative signaling pathways and for the identification
of new factors responsible for trophoblast development.
Materials and Methods
Derivation and culture of vole TS-like cells
The East European common vole M. rossiaemeridionalis (see [59]
for its systematic position within the order Rodentia) was used for
stem cell derivation. Animals trapped in their natural habitats
were bred in the vivarium of the Institute of Cytology and
Genetics (Novosibirsk, Russia). The study was done with
permission of the Ethical Committee of the Institute of Cytology
and Genetics, Novosibirsk. Timed matings were set up and the
morning when sperm was detected in the vaginal smear was
counted as 0.5 dpc. Morulas and blastocysts (early, middle, and
late) were flushed from the oviducts and uteri at 3.5 dpc. The zona
pellucida was removed by incubation in acidified Tyrodes solution
for 1 to 1.5 min (see [60] for details). The embryos were then
placed on a layer of mitomycin C-inactivated embryonic
fibroblasts (feeder) in four well plates (individual one embryo per
well or two to three embryos per well) in stem cell medium (see
below). Vole embryos at 12.5 to 14.5 dpc were used as a feeder
source. The inactivated fibroblasts were plated on gelatinized four
well plates at a concentration of 1.5610
5 cells per well. Cells were
maintained at 37uC in an atmosphere of 5% CO2.
After three to five days, the ICM was separated mechanically
from the trophoblast outgrowthi np h o s p h a t eb u f f e r e ds a l i n e
(PBS) or in culture medium. The polar trophectoderm has not
Vole TS-Like Cells
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dissociated into small pieces with fine glass capillaries, and cells
were re-plated on a new four well plate with fresh feeders. Stem
cell-like colonies were selected from a variety of primary cellular
outgrowths on the basis of their morphology, i.e. actively
growing compact colonies, composed of small tightly packed
cells without visible cell boundaries and with a high nuclear/
cytoplasmic ratio. Depending on the cell growth rate, the
colonies were removed from the plate and trypsinised (0.025%
trypsin, 0.037% EDTA Na2, 2% chicken serum) into small cell
clumps after five to ten days.
TS-like cells were maintained in 1:1 mixture of Dulbecco’s
modified Eagle’s medium (DMEM) and Ham’s F-12 medium
supplemented with 15% fetal calf serum (FCS, Autogen Bioclear),
vole LIF (see Text S1 and Fig. S1), 1 mM L-glutamine, 1%
nonessential amino acids, 0.1 mM 2-mercaptoethanol, penicillin
(50 units/ml), streptomycin (50 mg/ml) and nucleosides (0.01 mM
guanosine, 0.03 mM adenosine, 0.01 mM cytidine, 0.01 mM
uridine and 0.01 mM thymidine, Sigma). All reagents were from
Invitrogen, unless otherwise is stated.
RNA preparation and RT-PCR
RNA was isolated with RNA-Bee reagent (Biogenesis). All
samples were treated with DNAse I to ensure they were free
from DNA contamination (Turbo DNA-free, Ambion). Super-
ScriptIII (Invitrogen) was used for cDNA synthesis primed from
random decamers. The primers SDx3: 59cccagtgctggtgagc-
tattcc, and btdf: 59gaaacacctccaccgcactacact were used for the
strand-specific cDNA synthesis of Xist and Tsix transcripts,
respectively. PCR primers and conditions are given in the
Table 2. Vole PCR products were sequenced to confirm their
h o m o l o g yt ot h er e s p e c t i v em o u s eg e n e s( S e eT a b l e2f o r
GenBank Acc. numbers).
RNA FISH and late replication analysis
RNA FISH was performed as described [61,62]. To analyse
asynchronous X-chromosome replication, the cell culture was
maintained in a medium supplemented with BrdU (final concen-
tration 25 mg/ml) for six hours prior to cell harvesting. After the
standard hypotonic treatment and cell fixation, the slides were
incubated in 4N HCl, following by BrdU detection with anti-BrdU
antibody coupled with FITC (Abcam) at a 1:5 dilution for 30 min.
Cytogenetic analysis
Hypotonic treatment and cell fixation, as well as differential
staining of the chromosomes, were performed as described [59].
The length of the hypotonic treatment was 20–30 min.
Isolation and analysis of tumours
A cell suspension (8 to 9610
6 cells in 150 ml of medium without
supplements) was injected subcutaneously into the neck area
between the ears of nude mice. After one to two weeks the animals
were culled and the haematomas were analysed. The walls of the
haematoma capsules were fixed in Bouin solution [63] and tissue
sections were analysed histologically.
Supporting Information
Text S1 Cloning and expression of vole leukemia inhibitory
factor (LIF) 9
Found at: doi:10.1371/journal.pone.0007161.s001 (0.02 MB
DOC)
Figure S1 LIF amino acid sequences in three species: human,
mouse, vole (M. rossiaemeridionalis). The signal peptide sequences
(aa 1 to 14) are underlined. (hu) human, (mo) mouse, (vo) vole.
Positions with interspecies amino acid substitutions are given in
grey.
Found at: doi:10.1371/journal.pone.0007161.s002 (0.31 MB TIF)
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Table 2. Primers and PCR conditions for vole lineage-specific genes.
Gene Primer sequences Primer names
product size,
bp
Conc., MgCl2,
mM Tm, uC
GenBank Acc.
for vole transcripts
b-actin gacggggtcacccacactgt gagtacttgcgctcaggaggag b-actin-1 b-actin-2 523 3 56
Oct4 ccaagctgctgaagcagaaga tttgaatgcatgggagagcccag OCT4-2F OCT-5R 631 4 53 EF030115
Eomes attgtccctggaggtcggta gaaggtcgggtcagggtaat Eom8F Eom6R 316 3 56 EU285608
Hand1 ccccatgctccacgaaccc aactcccttttccgcttgct Hand1F1 Hand1R4 467 3 58 EU285606
Fgf2r tcttgttcttcaggggacgattc atgcttcccactatttactcctctg FGFR2F2 FGFR2R3 242 3 60 DQ517964
Errb agctgcggctccttcatcaag cttgtacttctggcggcctcc ERRB1F ERRB4R 543 2 63 DQ517967
Cdx2 ccaccatgtacgtgagctacc gactgagcgctgtccaagtt Cdx2F1 Cdx2R2 184 2 60 DQ517966
Pl-1 tccagagaatcgagaggaagt acaactcggcacctcaagac Csh1F1 Csh1R2 383 3 60 DQ517968
Tpbp aaacagccactgtgccattg gtaaggttttattagtgtgaacat Tnbp3F Tnbp7R 214 2 60 DQ517965
Foxa2 ccctacgccaatatgaactccatg gttctgccggtagaaaggga Foxa2F1 Foxa2R2 220 3 60 EU285609
Hnf4 ggtcaagctacgaggacagc agaagatgatggctttgagg Hnf4F1 Hnf4R5 460 3 60 EU285605
Sox2 tccatgaccagctcgcagacctac ccctcccaattcccttgtttctct Sox2F Sox2R2 392 3 60 EU285607
Nanog tccataacttcggggagga tcacagagtagttcaggaata NanogF NanogR 156 4 52 EU285611
Afp acatcgaggagagccaggca cctgagcttggcacagatcc Afp11F Afp10R 413 3 60 EU285612
Gata6 caccatcatcaccacccgacctac cagggccagagcacaccaagaatc Gata6F Gata6R 788 3 60 EU285604
Sall4 tcaccaacgccgtcatgttacagc ggtgggctgtgctcggataaatgt Sall4F Sall4R 604 3 60 EU285610
doi:10.1371/journal.pone.0007161.t002
Vole TS-Like Cells
PLoS ONE | www.plosone.org 8 September 2009 | Volume 4 | Issue 9 | e7161Author Contributions
Conceived and designed the experiments: NAM SMZ. Performed the
experiments: EVG AIS AIZ PAD APD SYS TBN. Analyzed the data:
EVG AIS NAM EAE AGS PAD APD EMN TBN NB SMZ. Contributed
reagents/materials/analysis tools: SMZ. Wrote the paper: EVG AIS NAM
TBN. Final approval of manuscript: NB.
References
1. Gardner RL, Papaioannou VE, Barton SC (1973) Origin of the ectoplacental
cone and secondary giant cells in mouse blastocysts reconstituted from isolated
trophoblast and inner cell mass. J Embryol Exp Morphol 30: 561–572.
2. Simmons DG, Cross JC (2005) Determinants of trophoblast lineage and cell
subtype specification in the mouse placenta. Dev Biol 284: 12–24.
3. Rossant J, Ofer L (1977) Properties of extra-embryonic ectoderm isolated from
postimplantation mouse embryos. J Embryol Exp Morphol 39: 183–194.
4. Tanaka S, Kunath T, Hadjantonakis A-K, Nagy A, Rossant J (1998) Promotion
of trophoblast stem cell proliferation by FGF4. Science 282: 2072–2075.
5. NiswanderL, Martin GR (1992) Fgf-4 expression during gastrulation, myogenesis,
limb and tooth development in the mouse. Development 114: 755–768.
6. Rappolee DA, Basilico C, Patel Y, Werb Z (1994) Expression and function of
FGF-4 in peri-implantation development in mouse embryos. Development 120:
2259–2269.
7. Haffner-Krausz R, Gorivodsky M, Chen Y, Lonai P (1999) Expression of Fgfr2
in the early mouse embryo indicates its involvement in preimplantation
development. Mech Dev 85: 167–172.
8. Schlessinger J, Plotnikov AN, Ibrahimi OA, Eliseenkova AV, Yeh BK, et al.
(2000) Crystal structure of a ternary FGF-FGFR-heparin complex reveals a dual
role for heparin in FGFR binding and dimerization. Mol Cell 6: 743–750.
9. Allen BL, Filla MS, Rapraeger AC (2001) Role of heparan sulfate as a tissue-
specific regulator of FGF-4 and FGF receptor recognition. J Cell Biol 155:
845–858.
10. Feldman B, Poueymirou W, Papaioannou VE, DeChiara TM, Goldfarb M
(1995) Requirement of FGF-4 for postimplantation mouse development. Science
267: 246–249.
11. Arman E, Haffnef-Krausz R, Chen Y, Heath JK, Lonai P (1998) Targeted
disruption of fibroblast growth factor (FGF) receptor 2 suggests a role for FGF
signaling in pregastrulation mammalian development. Proc Natl Acad Sci U S A
95: 5082–5087.
12. Mak W, Baxter J, Silva J, Newall AE, Otte AP, et al. (2002) Mitotically stable
association of Polycomb-group proteins Eed and Enx1 with the inactive X
chromosome in trophoblast stem cells. Curr Biol 12: 1016–1020.
13. Rossant J, Cross JC (2001) Placental development: lessons from mouse mutants.
Nat Rev Genet 2: 538–548.
14. Hughes M, Dobric N, Scott IC, Su L, Starovic M, et al. (2004) The Hand1,
Stra13 and Gcm1 transcription factors override FGF signaling to promote
terminal differentiation of trophoblast stem cells. Dev Biol 271: 26–37.
15. Amit M, Carpenter MK, Inokuma MS, Chiu CP, Harris CP, et al. (2000)
Clonally derived human embryonic stem cell lines maintain pluripotency and
proliferative potential for prolonged periods of culture. Dev Biol 227: 271–278.
16. Smith AG, Heath JK, Donaldson DD, Wong GG, Moreau J, et al. (1988)
Inhibition of pluripotential embryonic stem cell differentiation by purified
polypeptides. Nature 336: 688–690.
17. Matsuda T, Nakamura T, Nakao K, Arai T, Katsuki M, et al. (1999) STAT3
activation is sufficient to maintain an undifferentiated state of mouse embryonic
stem cells. EMBO J 18: 4261–4269.
18. Vassilieva S, Guan K, Pich U, Wobus AM (2000) Establishment of SSEA-1 and
Oct-4-expressing rat embryonic stem-like cell lines and effects of cytokines of the
IL-6 family on clonal growth. Exp Cell Res 258: 361–373.
19. Mazurok NA, Rubtsova NV, Grigor’eva EV, Matveeva NM, Zhelezova AI,
et al. (2003) Isolation of ES-like lines of common voles of the genus Microtus from
blastocysts and germ cells and as a result of fusion of somatic cells with mouse
embryonic stem cells. Ontogenez 34: 213–223.
20. Kunath T, Arnaud D, Uy GD, Okamoto I, Chureau C, et al. (2005) Imprinted
X-inactivation in extra-embryonic endoderm cell lines from mouse blastocysts.
Development 132: 1649–1661.
21. Cross JC, Flannery ML, Blanar MA, Steingrimsson E, Jenkins NA, et al. (1995)
Hxt encodes a basic helix-loop-helix transcription factor that regulates
trophoblast cell development. Development 121: 2513–2523.
22. Soares MJ, Chapman BM, Rasmussen CA, Dai G, Kamei T, et al. (1996)
Differentiation of trophoblast endocrine cells. Placenta 17: 277–289.
23. Lescisin KR, Varmuza S, Rossant J (1988) Isolation and characterization of a
novel trophoblast-specific cDNA in the mouse. Genes Dev 2: 1639–1646.
24. Carney EW, Prideaux V, Lye SJ, Rossant J (1993) Progressive expression of
trophoblast-specific genes during formation of mouse trophoblast giant cells in
vitro. Mol Reprod Dev 34: 357–368.
25. Iwatsuki K, Shinozaki M, Sun W, Yagi S, Tanaka S, et al. (2000) A novel
secretory protein produced by rat spongiotrophoblast. Biol Reprod 62:
1352–1359.
26. Yan J, Tanaka S, Oda M, Makino T, Ohgane J, et al. (2001) Retinoic acid
promotes differentiation of trophoblast stem cells to a giant cell fate. Dev Biol
235: 422–432.
27. Shevchenko AI, Demina VV, Mazurok NA, Zhelezova AI, Yefremov YaR, et al.
(2008) Extraembryonic endoderm stem cell lines from common voles of the
genus Microtus. Russian J Genet 4: 1280–1289.
28. Gru ¨mmer R, Donner A, Winterhager E (1999) Characteristic growth of human
choriocarcinoma xenografts in nude mice. Placenta 20: 547–553.
29. Kibschull M, Nassiry M, Dunk C, Gellhaus A, Quinn JA, et al. (2004)
Connexin31-deficient trophoblast stem cells: a model to analyze the role of gap
junction communication in mouse placental development. Dev Biol 273: 63–75.
3 0 .P e n n yG D ,K a yG F ,S h e a r d o w nS A ,R a s t a nS ,B r o c k d o r f fN( 1 9 9 6 )
Requirement for Xist in X chromosome inactivation. Nature 379: 131–137.
31. Lee JT, Davidow LS, Warshawsky D (1999) Tsix, a gene antisense to Xist at the
X-inactivation centre. Nat Genet 21: 400–404.
32. Panning B, Dausman J, Jaenisch R (1997) X chromosome inactivation is
mediated by Xist RNA stabilization. Cell 90: 907–916.
33. Sheardown SA, Duthie SM, Johnston CM, Newall AE, Formstone EJ, et al.
(1997) Stabilization of Xist RNA mediates initiation of X chromosome
inactivation. Cell 91: 99–107.
34. Mazurok NA, Nesterova TB, Zakian SM (1995) High-resolution G-banding of
chromosomesinMicrotus subarvalis(Rodentia,Arvicolidae). Hereditas 123:47–52.
35. Gartler SM, Riggs AD (1983) Mammalian X-chromosome inactivation. Annu
Rev Genet 17: 155–190.
36. Schmidt M, Migeon BR (1990) Asynchronous replication of homologous loci on
human active and inactive X chromosomes. Proc Natl Acad Sci U S A 87:
3685–3689.
37. Heard E, Clerc P, Avner P (1997) X-chromosome inactivation in mammals.
Annu Rev Genet 31: 571–610.
38. Zakian SM, Kulbakina NA, Meyer MN, Semenova LA, Bochkarev MN, et al.
(1987) Non-random inactivation of the X-chromosome in interspecific hybrid
voles. Genet Res 50: 23–27.
39. Zakian SM, Nesterova TB, Cheryaukene OV, Bochkarev MN (1991)
Heterochromatin as a factor affecting X-inactivation in interspecific female
vole hybrids (Microtidae, Rodentia). Genet Res 58: 105–110.
40. Elisaphenko EA, Nesterova TB, Duthie SM, Ruldugina OV, Rogozin IB, et al.
(1998) Repetitive DNA sequences in the common vole: cloning, characterization
and chromosome localization of two novel complex repeats MS3 and MS4 from
the genome of the East European vole Microtus rossiaemeridionalis.
Chromosome Res 6: 351–360.
41. Thomson JA, Kalishman J, Golos TG, Durning M, Harris CP, et al. (1995)
Isolation of a primate embryonic stem cell line. Proc Natl Acad Sci U S A 92:
7844–7848.
42. Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, et al.
(1998) Embryonic stem cell lines derived from human blastocysts. Science 282:
1145–1147.
43. Notarianni E, Laurie S, Moor RM, Evans MJ (1990) Maintenance and
differentiation in culture of pluripotential embryonic cell lines from pig
blastocysts. J Reprod Fertil Suppl 41: 51–56.
44. Notarianni E, Galli C, Laurie S, Moor RM, Evans MJ (1991) Derivation of
pluripotent, embryonic cell lines from the pig and sheep. J Reprod Fertil Ltd 43:
255–260.
45. Graves KH, Moreadith RW (1993) Derivation and characterization of putative
pluripotential embryonic stem cells from preimplantation rabbit embryos. Mol
Reprod Dev 36: 424–433.
46. Ralston A, Rossant J (2005) Genetic regulation of stem cell origin in the mouse
embryo. Clin Genet 68: 106–112.
47. Niwa H, Toyooka Y, Shimosato D, Strumpf D, Takahashi K, et al. (2005)
Interaction between Oct3/4 and Cdx2 determines trophectoderm differentia-
tion. Cell 123: 917–929.
48. Strumpf D, Mao CA, Yamanaka Y, Ralston A, Chawengsaksophak K, et al.
(2005) Cdx2 is required for correct cell fate specification and differentiation of
trophectoderm in the mouse blastocyst. Development 132: 2093–2102.
49. Luo J, Sladek R, Bader JA, Matthyssen A, Rossant J, et al. (1997) Placental
abnormalities in mouse embryos lacking the orphan nuclear receptor ERR-beta.
Nature 388: 778–782.
50. Avilion AA, Nicolis SK, Pevny LH, Perez L, Vivian N, et al. (2003) Multipotent
cell lineages in early mouse development depend on SOX2 function. Genes Dev
17: 126–140.
51. Nichols J, Zevnik B, Anastassiadis K, Niwa H, Klewe-Nebenius D, et al. (1998)
Formation of pluripotent stem cells in the mammalian embryo depends on the
POU transcription factor Oct4. Cell 95: 379–391.
52. Kirchhof N, Carnwath JW, Lemme E, Anastassiadis K, Scholer H, et al. (2000)
Expression pattern of Oct-4 in preimplantation embryos of different species. Biol
Reprod 63: 1698–1705.
53. Chambers I, Colby D, Robertson M, Nichols J, Lee S, et al. (2003) Functional
expression cloning of Nanog, a pluripotency sustaining factor in embryonic stem
cells. Cell 113: 643–655.
54. Mitsui K, Tokuzawa Y, Itoh H, Segawa K, Murakami M, et al. (2003) The
homeoprotein Nanog is required for maintenance of pluripotency in mouse
epiblast and ES cells. Cell 113: 631–642.
Vole TS-Like Cells
PLoS ONE | www.plosone.org 9 September 2009 | Volume 4 | Issue 9 | e716155. Cross JC, Hemberger M, Lu Y, Nozaki T, Whiteley K, et al. (2002) Trophoblast
functions, angiogenesis and remodeling of the maternal vasculature in the
placenta. Mol Cell Endocrinol 187: 207–212.
56. Guzman-Ayala M, Ben-Haim N, Beck S, Constam DB (2004) Nodal protein
processing and fibroblast growth factor 4 synergize to maintain a trophoblast
stem cell microenvironment. Proc Natl Acad Sci U S A 101: 15656–15660.
57. Erlebacher A, Price KA, Glimcher LH (2004) Maintenance of mouse
trophoblast stem cell proliferation by TGF-beta/activin. Dev Biol 275: 158–169.
58. Cartwright P, McLean C, Sheppard A, Rivett D, Jones K, et al. (2005) LIF/
STAT3 controls ES cell self-renewal and pluripotency by a Myc-dependent
mechanism. Development 132: 885–896.
59. Nesterova TB, Duthie SM, Mazurok NA, Isaenko AA, Rubtsova NV, et al.
(1998) Comparative mapping of X chromosomes in rat and five vole species of
the genus Microtus. Chromosome Res 6: 41–48.
60. Bradley A (1987) Production and analysis of chimaeric mice. In: Robertson EJ,
ed. Teratocarcinomas and Embryonic Stem Cells: A Practical Approach, IRL
Press, Oxford. pp 113–151.
61. Lawrence JB, Singer RH, Marselle LM (1989) Highly localized tracks of specific
transcripts within interphase nuclei visualized by in situ hybridization. Cell 57:
493–502.
62. Clerc P, Avner P (1998) Role of the region 3 to Xist exon 6 in the counting
process of X-chromosome inactivation. Nat Genet 19: 249–253.
63. Romeis B (1953) Microscopical technique. Moscow. p. 71 (in Russian).
Vole TS-Like Cells
PLoS ONE | www.plosone.org 10 September 2009 | Volume 4 | Issue 9 | e7161